Abstract. The magnetic local time (MLT) dependence of electron (0.15-300 keV) and proton (0.15-6900 keV) precipitation into the atmosphere based on National Oceanic and Atmospheric Administration POES and METOP satellites data during 2001-2008 was described. Using modified APEX coordinates the influence of particle energy, substorm activity and geomagnetic disturbance on the MLT flux distribution was statistically analysed.
by a factor of about 10 during the passage of the high-speed stream (geomagnetic storm time) at all geographic longitudes.
Thus geomagnetic disturbance should be considered in a description of particle precipitation.
Magnetic local time dependence is a result of charge-dependent drift directions (Allison et al., 2017) and (linked to that) opposite potentials in field-aligned Birkeland-currents. The authors themselves note that the particle flux variety in different local time sectors may reach an order of magnitude, with proton precipitation dominating in evening and night sectors and 5 electrons dominating in morning and night (Wissing et al., 2008) .
Substorms are either directly driven or/and loading processes, where energy is accumulated and released abruptly in the Earth's magnetosphere (Akasofu, 2015) . The global morphology of auroral substorms has first been described by Akasofu (1964) using simultaneous all-sky camera recordings from Siberia, Alaska and Canada. Later space-born missions like e.g. the UV photometer mission on Dynamics Explorer 1 (DE-1) (Frank et al., 1981) confirmed this morphology.
10 Akasofu et al. (1965) also already characterized the expansion phase and the recovery phase of a substorm (a preceding growth phase has been added by McPherron (1970) ). Due to auroral emissions the substorms were associated with excitation and ionization by precipitating particles that have been investigated by ground based riometers (Berkey et al., 1974) and later on by satellite missions (e.g. Fujii et al., 1994) , observing intense energetic electron precipitation in or near the onset/surge region. The energy range of the precipitating particles has been defined as electrons and protons at approx. 10-100keV with a 15 low-energy cut-off (Birn et al., 1997) . The precipitation regions depend on particle species.
The occurrence of substorms depends on the orientation of the interplanetary magnetic field (Reeves et al., 2003) . As shown in Reeves et al. (2003) these external solar wind parameters subsequently impact the magnetic field on the ground and are represented in the AE index. In this study we use the SML index to define substorm onsets, which is the lower envelope of the SME, an index derived likewise to the AE but based on all available magnetometer stations in these latitudes (Newell and 20 Gjerloev, 2011a) .
In this study we will discuss MLT differences in particle precipitation on a wide energy range and show how substorms impact this pattern.
In Section 2 particle data, modified APEX coordinate system, SML and Kp-binning will be introduced. Section 3 displays the application of modified APEX coordiantes to the precipitation maps. In Section 4 and 5 we will analyse the particle 25 precipitation on high latitudes and low latitudes, respectively. The results are summarized in Section 6.
Data sets
This section describes the data sets and how the data has been processed.
Particle data
For particle precipitation we use time series (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) of 16 s averaged electron fluxes ranging from 0.15 to 300 keV and 30 protons from 0.15 to 6900 keV measured on board the polar orbiting NOAA/POES and their successor, the MetOp satellites (Evans and Greer, 2006) All satellites have sun-synchronous orbits at altitudes around 820 km (with ≈ 100 minute periods of revolution) and an inclination of ≈ 98.5
• . The satellites have initially been placed in orbits that cross the equator in a fixed local time either being morning-evening or day-night sector. However, or in our case furtunately, these orbits were drifting slightly with time. Thus our long sample period and the moving five satellites allowed us to investigate the effect of local time on particle precipitation.
It should be said that the particle detectors suffer from various contamination effects:
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The MEPED electron channels are highly efficient detectors for high energetic protons. In order to avoid contaminated electron data we excluded MEPED electrons when the omnidirectional proton channel P7 showed more than 2 counts (based on high resolution 2 s data). This does not only cut out probably contaminated periods in SPEs, but also the region of the SAA.
The MEPED electron channels have been substracted from each other, resulting in differential channels.
It is known that there is no adequate upper energy threshold of the three MEPED electron channels (Yando et al., 2011) .
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In order to work with specific energy bands we subtracted sequent channels, resulting in the two channels mep0e1-e2 and mep0e2-e3 with the energy bounds given in Tab. 1.
It should be mentioned that we used the 0
• detectors only. While the TED 0
• -detector looks exactly radially outward the MEPED 0
• -detector is slightly shifted by 9
• to ensure a clear field of view (Evans and Greer, 2006) . In high latitudes both detectors count precipitating particle flux while they detect trapped particles in low latitudes. 
Coordinate system
A meaningful representation of particle precipitation has high requirements for the coordinate system as they are: a) The precipitation pattern should be invariant in time even though the magnetic field is changing (meaning moving poles, not magnetospheric distortion). This is needed for the long investigation period as well as for durability of forecasts. b) The latitude of particle precipitation should be invariant of the longitude. Given this criterion the longitude may be replaced by 20 local time as second coordinate. c) If the previous criterion is applied, it includes that particle flux has to be recalculated.
Following the footpoints of two shells with a distinct magnetic field strength, their latitudinal distance differs with longitude.
Since the particle flux is measured on a fixed detector size this has to be taken into account when removing the longitudinal dependence. d) Particle measurements take place at the position of the satellite, which is in about 820 km above the ground.
But the effect of particle precipitation (the atmospheric ionization) is mainly located in about 110 km altitude (maximum 25 of magnetospheric ionization, higher particle energies cause ionization futher down). Consequently a coordinate system that allocates the satellite's measurement to their respective position at 110 km altitude would be helpful.
The coordinate system that allows for all named requirements is the modified APEX coordinate system (Richmond, 1995) .
The coordinates are variable in time using the International Geomagnetic Reference Field model magnetic field configuration, which means they also reflect the temporal movement of the poles. Richmond (1995) present three coordinate systems which 30 are closely connected. The quasi-dipole coordinates present the magnetic latitude and longitude on the ground (Richmond, 1995 , see f1 and f2 base vectors in Fig. 1 ), while the third base vector goes radially outward. The APEX coordinate system is using the same longitude, but the latitude is following the magnetic field lines as propagating (precipitating) particles do, meaning that a charged particle is always on the same latitude. The APEX latitude is defined by its footpoint on the QD latitude on the surface. In the modified APEX coordinates not the surface but an arbitary altitude is used for the definition of the latitude, e.g. that altitude where particles cause the ionization, in our case 110 km above the ground. Thus the measurements should be mapped down on the according field line until it reaches the altitude where the particle is stopped by the atmosphere (about 110 km). In all (modified) APEX systems measurements and ionization location are on the same latitude. Thus a desirable coordinate system for our work is the modified APEX system. 
SML index and derived substorm onsets
The period 2001-2008 was chosen for our investigation, where all necessary data about substorms and particle precipitation are available. For the identification of substorm events, we use the technique published by Newell and Gjerloev (2011a) . The substorm onset is determined by the auroral electrojet SML index, which is derived from magnetometer data obtained by the SuperMAG magnetometer network. The SuperMAG magnetometer network in the northern hemisphere (up to 100 stations)
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improves the traditional auroral electrojet (AL) network (12 stations) (Newell and Gjerloev, 2011a ).
Newell and Gjerloev (2011b) distinguish recurrent and isolated substorms. While recurrent substorms appear in groups with less than 82 min between their onsets, the isolated substorm onsets are separated by at least 3 h. Only the isolated substorms are used in our investigation, as this helps to avoide two or more substorms overlapping each other. Contrasting the isolated substorm periods we also use time periods without any substorms (no-substorm period). The total number of substorm onsets 15 for our period constitutes 15 316 events. Defining 30 min after an onset as typical length of a substorm, we end up with 10.4% of the whole period being generally substorm-influenced (while the rest is no-substorm). However, just 1.87% of the whole period can be attributed to isolated substorms.
It should be noted that with this technique we are not able to separate different substorm phases nor can we distinguish different types of substorms. Independend from substorm phase, the proton aurora is displaced equatorward of the electron aurora 20 for dusk local times, and it is poleward for dawn local times. In the onset region however, proton and electron precipitation depends on the substorm phase and may even be colocated . Thus the results represent a mean substorm value.
Kp-binning of particle data
The Kp-index is a three-hourly index estimating the geomagnetic activity (Bartels et al., 1939) . In contrast to the AL/SML 25 index which describes the auroral electrojet activity, the Kp-index is sensitive to several current systems (e.g. the ring current)
and thus describes the magnetospheric activity with a more global perspective.
The particle data has been binned into three Kp-level groups. These levels have been chosen in a way that each bin contains 
Precipitation map
Binning of particle flux strongly depends on the coordinate system. Some features are determined by the inner magnetic field and thus co-rotating with Earth, while others are influenced by the interaction with the solar wind and according to that fixed in relation to the Sun and to the (magnetic) local time. Since we will use the modified APEX coordinates in this paper we will have a look how the particle flux representation differs to geographic coordinates and which aspects can be best described in 5 the two systems. degrees East and -45 to 0 degrees North). Being a dip in the geomagnetic field, the SAA allows energetic particles in the radiation belt to reach altitudes low enough to be reached by the satellite's orbit. Thus the high flux values are not necessarily connected to high particle precipitation. As the SAA is a geomagnetic feature it is co-rotating and thus best represented in the geographic coordinates, while a MLT based coordinate system intermixes SAA patterns with non SAA patterns on the same latitude.
15
A feature that is connected to the SAA is the particle precipitation in the drift loss cone. Particles drift around Earth and bounce between the mirror points. These mirror points get to lowest altitudes where the magnetic field is weakest. Since the geomagnetic field around the SAA is weak the dominating particle precipitation zone is where these field lines have their foot points. In Fig. 1 (upper panel) this can be clearly identified South-East of the SAA. In the northern hemisphere the particle precipitation due to the drift loss cone is less dominant, but still visible.
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Apart from that the geographic representation is not very helpful. Due to the satellites' inclination the poles are not covered and typical pattern as the auroral precipitation is meandering.
Switching to magnetic coordinates (here: modified APEX 110 km) straightens the auroral oval and mostly removes the longitudinal dependence (not shown). Consequently we can replace the APEX longitude by MLT (see Fig. 1 , lower panel).
Of cause the SAA and the drift loss cone are now smeared out (see e.g. double auroral structure) and still produce a hemi-25 spheric asymmetry, but features that depend on the local time now become visible and the auroral oval itself does not show a hemispheric dependence.
Most obvious in the modified APEX/MLT coordinates are the local time dependencies in the auroral zone as well as in lower latitudes. Substorm depended precipitation that mostly appears during night time can also be identified (see following sections).
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Some regions in modified APEX/MLT coordinates will never be reached as the local time coverage is limited. This holds for the midnight hours in the northern hemisphere as well as for noon in low latitudinal Southern hemisphere. The equatorial region seems not to be covered, however, is not a data gap. The flux is mapped to the latitude where the guiding field-line hits . 110 km. Since the satellites cross the (dip) equator at 850 km all field lines peak below that point are not covered (<19 degrees N/S). Since the magnetic poles are shifted to the geographic ones the satellites' inclination does not limit the polar coverage.
As a consequence of the regional coverage and SAA influence we will select the Southern hemisphere auroral zone and the low latitudes in Northern hemisphere for further investigation. Figure 2 shows the precipitating electron flux in high latitudes in the southern hemisphere. The southern hemisphere has been chosen to avoide the data gaps between 23 and 1 MLT in the northern hemisphere (see the Section 5). Apart from that, northern and southern hemisphere do not show significant differences in APEX coordinates.
The color scale is logarithmic with a base of two, meaning the threshold to the adjacent color is a factor of 2 apart. The 5 reference value has been set individually for every channel to the lowest occurring value inside the auroral oval. Thus local time differences can be easily identified and quantified. No-substorm periods (left panel) and isolated substorm periods (right panel) for all electron channels are given here.
Comparing these two panels of Fig. 2 , we can identify:
1. Generally, the main precipitation zone (white to reddish colours) moves equatorward with increasing particle energy.
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2. Quantitatively, the particle precipitation shows distinct MLT dependence. The range of this dependence changes with particle energy. While the two lowest TED electron channels (band 4 and 8) show just minor MLT variations, in the higher particle energies it varies by more than one order of magnitude.
During isolated substorms the maximum local time differences are similar or a factor of 2 higher (and the maximum is located in the midnight sector during substorms, see next paragraph). For details and a summary of other (not shown)
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Kp-bins, see Table 2 .
3. Qualitatively, MLT variations also depend on particle energy:
(a) The higher particle channels (above >2 keV) show a movement of the main precipitation with MLT from midnight (TED electron band 11) via morning sector (mep0e1-e2corr) to day sector (mep0e2-e3corr). An explanation for the movement in the higher electron channels (and the opposite directed movement of the protons) is the 20 westward partial ring current in the night side which is closed by flied-aligned currents (Birkeland Region 2) into the ionosphere (Lockwood, 2013; Milan et al., 2017) . While electrons in ring current drift eastwards and thus may precipitate predominantly in the morning sector, the protons undergo a westward drift and mainly precipitate in the evening sector. The energy dependence might be due to different drift velocities (Allison et al., 2017) . A drift of electron precipitation (>20 keV) towards the dayside has also been reported by Matthews et al. (1988); Newell and 25 Meng (1992); Østgaard et al. (1999) and is associated with central plasmasheet electron injections in the midnight region. The resulting dawn-dusk asymmetry for electrons also depends on Kp-level.
The maximum MLT-asymmetry depends on Kp: for the low energetic channels band 4 and 8 it decreases with Kp, in band 11 it stays the same but for the more energetic band 14, mep0e1-e2 and mep0e2-e3 (where it shows a clear dawn-dusk asymmetry) it increases with Kp. In the Kp-bins chosen for our study it doubles from bin to bin 30 (see Table 2 ). And even for Kp 0-1 the dawn-dusk asymmetry stays visible with a factor of about 2 to 4 in TED electron band 14 and mep0e1-e2 (not shown but same pattern as in Fig. 2 ). For isolated substorms the movement is the same, but superimposed with substorm-specific night-side (20-2 MLT) particle precipitation which reflects the substorm electrojet manifestations (Lockwood, 2013; Milan et al., 2017) . The electron precipitation intensity at midnight sector outnumbers the no-substorm values at the same place by factor 2 to 4. For mep0P1 to mep0P3 the evening sector is slightly increased during substorms.
(b) The lower TED electron band 4 and 8 peak between 6 and 17 MLT. Since this is completely opposite to the 5 higher channels we will have a look at the source region.
The main precipitation of low energetic electrons (<1 keV) at daytime (e.g. 76-80 S, 6-13 MLT for TED electron band 4) most likely origins from the poleward edge of the cusp, referring to Sandholt et al. (1996) ; Øieroset et al.
(1997); Sandholt et al. (2000) who attribute this as source region during periods with northward IMF (which in our study mostly refers to no-substorm periods as southward IMF triggers substorms). In contrast, during periods with 10 isolated substorms the precipitation is shifted by 2 degrees to the equator (the shift can be identified throughout TED electron bands 4 and 8). The source in this case is the equatorward edge of the cusp which has been identified as corresponding source region in periods of southward IMF by Sandholt and Newell (1992) ; Sandholt et al. (1998) .
A sketch including the source regions may be found in Newell and Meng (1992, Fig. 2 ), even though the regions are labled with Mantle and Cusp here.
(c) Additionally it can be noticed that noon sector electron fluxes decrease during a substorm, which is clearly seen in all upper channels (from TED electron band 11 to mep0e2-e3).
(d) An increasing dusk-dawn asymmetry with substorm activity (as e.g. Allison et al. (2017) noted for trapped radiation belt electrons) cannot be identified. In contrast, it seems that substorm activity simply adds particle precipitation in the night side and reduces high energetic electron precipitation around noon. 1. The protons also show an equatorward movement of the main precipitation zone with increasing particle energy.
Low energetic protons (TED proton band 4-14)
show a second oval structure (approx. 50-65 S), which is associated with the drift loss cone (see the Section 3) and thus geographically localized near the SAA. The second oval structure 25 itself is a artifact of the MLT-binning (see Fig. 1 ).
3. Quantitatively, the proton particle precipitation shows distinct MLT dependence, ranging from just minor variations in TED proton band 11 and 14 (as well as no MLT variation in the highest MEPED channels) up to about one order of magnitude in the lowest and medium particle energies (TED proton band 4 and 8, MEPED mep0P1 and mep0P3).
During isolated substorms the maximum local time differences are similar or a factor of 2 higher (see Table 2 ). (a) Low energetic proton precipitation (no-substorm) is mostly concentrated around noon. Additionally there is a slight increase from noon via the morning sector towards midnight.
The precipitation during isolated substorms is shifted to lower latitudes by about 2 degrees. Since we have seen a similar picture for low energetic electrons (see description to Figure 2 , Paragraph 3b) we conclude that during no-substorm periods the particles originate from the poleward edge of the cusp, while during isolated substorms 5 they originate from the equatorward edge of the cusp.
(b) Between TED proton band 14 and the following channels (mep0P1 to mep0P3) the main particle precipitation zone moves from midnight to the evening sector, which is oppositely directed to the electron movement. The possible explanation has already been given in the description to Figure (d) Regarding the effect of substorm events, the proton precipitation intensity at midnight sector outnumbers the no-substorm values at the same place by factor 2 to 4.
(e) In contrast to the electron fluxes the day sector proton fluxes do not significantly depend on substorm activity. ) also revealed another obviously MLT-dependent pattern, which cannot be attributed to direct particle precipitation as in low latitudes the 0
• (radially outward looking) detector measures particles that gyrate around their guiding field line with a high pitch angle. Thus we see a mostly trapped particle population here. Given that all Kp-bins show a similar MLT-pattern independently from substorm activity it seems worth mentioning -even though particle flux itself is 20 small, not connected with precipitation and raising a couple of questions. Figure 4 is a close-up of the described region and shows particle flux in low latitudes in the Northern hemisphere. The northern hemisphere has been chosen to exclude the SAA.
Our aim is to depict the MLT variations and how some of them might be explained. The color scale is logarithmic to a base of two, meaning the threshold to an adjacent colour is a factor of 2 apart. The reference value has been set individually for every channel to the lowest occurring value. Thus MLT differences can be easily identified and quantified. It should be noted that only no-substorm periods and just one of the probed Kp-levels is given here. The relations during isolated substorm periods are given for Kp 0-9 (meaning all isolated substorms) only to avoid bad statistics.
Acronyms: sub=substorm, no=no-substorm.
The reason is that there is no distinct difference to substorm periods (except for worse statistics) and no significant difference to other Kp-levels as well.
Our findings are:
1. Typical for electron and proton TED bands is a flux minimum around midnight. For the lowest channel, band 4 (electron and proton), it is centered at midnight , for the higher TED channels it appears shifted to the 5 morning sector centered around 2 or 3 MLT. While the general picture can be explained by the primary particle source being the sunlit ionosphere, which also justifies that the strongest day-night asymmetry is seen in the very low energetic channels, which are (or are close to) the thermal spectrum, the MLT-shift for higher energies remains unclear.
2. The highest electron (mep0e2-e3) and proton channels (mep0P2, mep0P3, mep0P4 and mep0P5) do not show MLTvariations in low latitudes. Since one reason for it has already been explained as these channels are far from the thermal 10 source population another reason is given by Allison et al. (2017) , who also investigated trapped electrons and explained Gray indicates missing data around midnight. 3. At 14-16 MLT however, a local minimum can be found in 5 channels (electron band 4, 8 and 14 and proton band 11 and 14) probably even in mep0P1, but then shifted by +2 MLT. The reason might be plasmaspheric plumes that are capable of transporting particles from the plasmasphere to the dusk sector of the dayside outer magnetosphere (Borovsky 5 et al., 2013; Chen and Moore, 2006; Walsh et al., 2014) and which often occur in this MLT range.
Aspects that remain unclear but also can be identified in all Kp-bins are:
4. Medium electron and proton channel (mep0e1-e2 and mep0P1) show a flux maximum around midnight in contrast to the lower channels that have a local minimum here. It might also be that the midnight-minimum moved to the morning sector. However, the flux difference is just about a factor of 2 to 4, which is significantly less than in the low energetic 10 channels.
5. A phenomena that can be identified in at least 6 channels (electron band 8, 11 and 14 and proton band 4, 11 and 14) is a local flux maximum from 9-10 MLT. It seems like a counter-part of the plasmaspheric plume since it is located in the same MLT distance to noon but on the morning sector. However, it is not known that something like a counter-part of the plasmaspheric plume exists. Consequently the reason for this flux enhancement is not known to the authors. In this paper we presented the MLT-distribution of energetic particle precipitation into the ionosphere in combination with different substorm activity as well as MLT-dependent trapped particle flux in the plasmasphere.
Concerning the precipitating particles we could identify different particle sources for low and high energetic particles.
Different sources and energy-specific drifts lead to MLT-dependence of the dominating precipitation: < 1 keV in the day-sector
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(protons concentrated at noon), above a few keV in the night-sector. Above that the charge-dependent drift clearly separates electron and proton precipitation. With increasing electron energy electrons move via morning-sector to the day-sector, while the main proton precipitation moves to the evening sector with a maximum at about 22 MLT.
Also quantitatively the MLT-variation depends on energy: with a few 100 eV the relatively focussed peak at noon produces a medium asymmetry (exponent 2-3). With slightly higher energies that vanishes and the asymmetry declines (exponent 1-2).
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As soon as the (partial) ring current becomes dominant the asymmetry peaks (exponent up to 5). For higher energies (just protons available) the asymmetry breaks down to zero.
While the MLT-variation is invariant in Kp for protons, the MLT-asymmetry for electrons depends on geomagnetic disturbance. For low energetic electrons < 1 keV it declines with Kp and for electron > 6 keV it increases with Kp.
The effect of substorms is mostly limited to the night-sector, where it generally enhances particle precipitation. For electrons 15 the day-sector also is affected, where electron precipitation declines (seen for 2-300 keV). For medium energy protons (30-800 keV) the evening sector is slightly increased. Quantitatively, isolated-substorm periods enhance the flux in the night sector by approx. factor 2 to 4, while the day-sector decrease might be up to factor 2. Consequently the resulting MLT-differences enlarge during substorms.
MLT-dependency at low latitudes are regarded even though they are not linked to particle precipitation, but because they 20 show a) extreme asymmetries (up to a ratio of 1:2000), which can be attibuted to the particle source of the plasmasphere, being the sunlit thermosphere and b) because one MLT-region shows a depletion which might be due to a plasmaspheric plume.
However, some of the MLT-features at low latitudes still raise questions.
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